ABSTRACT. In the cytosol of cow mammary gland, several proteins are phosphorylated in the presence of the protein kinase C (PKC) cofactors 1-oleoyl-2-acetyl-sn-glycerol (OAG), phosphatidylserine (PS) and Ca 2+ . Of the substrates, the 21-kDa protein is inferred to be a 20-kDa regulatory myosin light chain (MLC20) from smooth muscle because of its molecular mass, its distribution in the cytosol, its association with melittin and sphingosine (the PKC modulators), and phosphorylation by PKC as well as by Ca 2+ /calmodulin-dependent myosin light chain kinase (MLCK). The present study was undertaken to examine whether the 21-kDa protein could be identified as MLC20, by adding cow uterine MLC20 to the reaction mixture containing cytosol with or without the PKC cofactors and/or calmodulin. In the absence of MLC20, the 21-kDa protein was phosphorylated when the PKC cofactors and calmodulin were added to the reaction mixture. Phosphorylation of the 21-kDa protein was inhibited by melittin or sphingosine, and the inhibition was reversed by PS, but not by calmodulin. When MLC20 was included in the reaction mixture, it was phosphorylated in the presence of the PKC cofactors, and the phosphorylated MLC20 band overlapped that of the 21-kDa protein. The indistinguishably overlapped band of the two proteins was inhibited by melittin and by sphingosine, and their inhibition was reversed by PS, not by calmodulin. It is suggested that the 21-kDa protein is the smooth muscle MLC20 and also that the 21-kDa MLC20 is phosphorylated by PKC, but not by MLCK. The mammary gland consists of two types of epithelial cells: secretory epithelial cells, which are involved in milk synthesis and secretion, and myoepithelial cells, which are involved in milk ejection [4] . The myoepithelial cells form a basket-like network around the secretory epithelial cells of the alveoli. Oxytocin stimulates contraction of myoepithelial cells to expel milk from the lumen into the mammary duct system [29, 37] . The myoepithelial contractile system appears to be analogous to that of smooth muscle [3, 29] .
The mammary gland consists of two types of epithelial cells: secretory epithelial cells, which are involved in milk synthesis and secretion, and myoepithelial cells, which are involved in milk ejection [4] . The myoepithelial cells form a basket-like network around the secretory epithelial cells of the alveoli. Oxytocin stimulates contraction of myoepithelial cells to expel milk from the lumen into the mammary duct system [29, 37] . The myoepithelial contractile system appears to be analogous to that of smooth muscle [3, 29] .
Protein kinase C (PKC) plays a central role in transmembrane signal transduction, in which it mediates extracellular signals to intracellular compartments [24, 28] . In response to signals evoked by growth factors or hormones such as oxytocin [27] , diacylglycerols are transiently produced by phospholipase C hydrolysis of inositol phospholipids in the plasma membrane. The diacylglycerols produced increase the affinity of PKC for Ca 2+ as well as for phospholipids (in particular phosphatidylserine, PS), thereby activating PKC. The activated PKC phosphorylates its substrate proteins, for example, myosin light chain (MLC) [6] . The conformational change in the substrate induced by phosphorylation at serine and/or threonine residues leads to an alteration in the function of the substrate, and finally results in a change in cellular activity such as muscle contraction.
We have previously shown that the 21-kDa protein in cow mammary gland, distributed predominantly in the cytosol [9] , but faintly in the particulate [20] and nuclear fractions [15, 16] , is phosphorylated in the presence of PKC cofactors 1-oleoyl-2-acetyl-sn-glycerol (OAG; the synthetic diacylglycerol), PS and Ca 2+ [9] . The 21-kDa protein phosphorylation is inhibited by sphingosine [9] , melittin [10, 11] , gangliosides [12] and sulfatide [14] , and their inhibition is reversed by the excess addition of PS, but not by OAG or Ca 2+ . The 21-kDa protein is inferred to be a 20-kDa regulatory MLC from smooth muscle (MLC20) because of its molecular mass, its distribution in myoepithelial cell cytosol [3, 29, 37] , its interaction with melittin [21, 25] , and as a substrate for PKC [6] as well as for Ca 2+ /calmodulin-dependent myosin light chain kinase (MLCK) [3, 21, 32] . The purpose of the present study was to examine whether the 21-kDa protein could be identified as smooth muscle MLC20. The results obtained revealed that the phosphorylated band of the 21-kDa protein was overlapped by that of MLC20 from smooth muscle and, unexpectedly, by that of skeletal muscle myosin LC2, a regulatory 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) light chain. Moreover, inhibition by melittin or sphingosine of phosphorylation of the 21-kDa protein, smooth muscle MLC20 and of the skeletal muscle LC2 was reversed by PS, but not by calmodulin. [31] , with slight modifications [19] . Myosin was exposed to 5 M guanidine-HCl and 10 mM 2-mercaptoethanol and stirred overnight. The solution was diluted first with an equal volume of water and subsequently with 4 volumes of ethanol, and was then centrifuged at 9,600 × g for 10 min to precipitate heavy chains. Ethanol in the supernatant, containing MLCs, was removed under reduced pressure and the resulting solution was dialyzed against 20 mM Tris-HCl (pH 7.5). MLCs were applied to a column (2 × 20 cm) of DE-52, and the proteins adsorbed to the cellulose were eluted from the column by single-step elution with 0.4 M NaCl in 20 mM Tris-HCl (pH 7.5).
MATERIALS AND METHODS

Materials
Phosphorylation: Cow mammary gland tissue (1 g) was cut into small pieces and homogenized in 9 volumes of 0.25 M sucrose containing 20 mM Tris-HCl (pH 7.5), 2.5 mM ethyleneglycol bis(2-aminoethylester)-tetraacetic acid (EGTA), 10 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride and 10 µg/ml leupeptin, in a Polytron PTA 10S homogenizer [8] . The homogenate was centrifuged at 105,000 × g for 60 min and the resultant supernatant referred to as cytosol.
Endogenous substrate proteins in the cytosolic fraction were subjected to phosphorylation as described previously [13] . In brief, the standard reaction mixture (0.2 ml) contained 25 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 0.25 mM EGTA, 10 mM 2-mercaptoethanol, 50 µM [γ- µl of cytosol (containing 110-180 µg of proteins), with or without 1 µg of OAG, 5 µg of PS and 1 µM Ca 2+ . Melittin or sphingosine sonicated in 20 mM Tris-HCl (pH 7.5) was added to the mixture. The reaction was started by the addition of ATP and continued for 5 min at 30°C. Phosphorylated proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, with a 12% constant gel, then visualized by autoradiography.
Other methods: Calmodulin was prepared from pig testis [23] . Protein was determined by the method of Bradford [2] . Figure 1 shows effects of the PKC cofactors OAG, PS and Ca 2+ and of the MLCK activator calmodulin on phosphorylation of cytosolic proteins. The addition of the PKC cofactors increased phosphorylation of 97-kDa, 91-kDa, 72-kDa, 56-kDa, 43-kDa, 36-kDa and 21-kDa proteins (lane 2). The 36-kDa protein has been identified as annexin I [13, 20, 22] . The phosphorylation pattern in the presence of calmodulin together with the PKC cofactors (lane 4) was essentially the same as with the PKC cofactors alone (lane 2). Melittin inhibited phosphorylation of the PKC and/or MLCK substrates, including that of the 21-kDa protein (lane 3). In contrast to the PKC/MLCK substrates, phosphorylation of 27-kDa, 24-kDa and 19-kDa proteins, the substrates for melittin-activated protein kinase [10, 11] and sphingosine-activated protein kinase [9] , were inversely enhanced by melittin. Melittin still inhibited the PKC/MLCK substrates, whereas it enhanced the 27-kDa, 24-kDa and 19-kDa protein phosphorylation, even when calmodulin and the PKC cofactors were included (lane 5). Inhibition by melittin of When smooth muscle MLCs from cow uterus were included in the reaction mixture containing the cytosolic fraction (Fig. 2 ) the exogenous MLC20 was phosphorylated in the presence of the PKC cofactors and, moreover, the phosphorylated band of MLC20 was found to overlap that of the 21-kDa protein (lane 4). The indistinguishably overlapped band of MLC20 and the 21-kDa protein was reduced by melittin and by sphingosine (lane 5). The reduced band of MLC20 and 21-kDa protein was restored by the excess addition of PS (lane 7), but not by OAG (lane 6), Ca 2+ (lane 8) or calmodulin (lane 9). MLC17, a 17-kDa alkali light chain from smooth muscle myosin [30] , was not phosphorylated by PKC or by calmodulin (figure not shown). It is suggested that the 21-kDa protein in the cytosol was smooth muscle MLC20.
RESULTS
Skeletal muscle myosin contains three light chain components: LC1 (25-to 27-kDa), LC2 (18-to 20-kDa) and LC3 (14-to 16-kDa) (Fig. 3, lanes 9 and 10) [19, 31] . The regulatory LC2, called the DTNB light chain, is structurally and functionally related to smooth muscle MLC20 [6, 29] and cardiac 19-kDa myosin light chain 2 (MLC2) [34] ; for example, like smooth muscle MLC20 and cardiac MLC2, the skeletal LC2 is phosphorylated by MLCK [32] and binds with melittin [25] . When MLCs from bovine skeletal muscle were added to the reaction mixture together with the cytosolic fraction the LC2 was clearly phosphorylated in the presence of the PKC cofactors and, moreover, the phosphorylated band of LC2 overlapped that of the 21-kDa protein (Fig. 3, lane 4 Inhibition of the 21-kDa protein phosphorylation, together with overlapping skeletal muscle LC2, and their reversal by PS were similarly observed when sphingosine was added (Fig. 4) .
DISCUSSION
The present study suggested that the 21-kDa protein, which was distributed mainly in the cytosol and phosphorylated in the presence of the PKC cofactors and calmodulin, was smooth muscle MLC20, because the phosphorylated band of this protein was overlapped by that of MLC20 from cow uterus. The inhibition by melittin or sphingosine of the overlapping band of the 21-kDa protein and MLC20 was reversed by the excess addition of the PKC cofactor PS, but not by the MLCK activator calmodulin.
Myoepithelial cells contain large amounts of microfilaments and smooth muscle-specific cytoskeletal and contractile proteins, including MLCK, actin, and myosin [3] . The cells also include calmodulin [33] . In smooth muscle and non-muscle cells, a wide variety of stimuli, for example, the suckling stimulus that activates discharge of oxytocin from the posterior pituitary gland into the circulation, increases the intracellular Ca 2+ concentration and thus activates Ca 2+ / calmodulin-dependent MLCK, which phosphorylates MLC20. Phosphorylation induces a conformational change in MLC20 that enables actin-myosin interaction, thereby ), M or S, and MLC20; 7, PS (250 µg/ml PS, 5 µg/ml OAG and 1 µM Ca 2+ ), M or S, and MLC20; 8, Ca 2+ (250 µM Ca 2+ , 5 µg/ml OAG and 25 µg/ml PS), M or S, and MLC20; and 9, CaM (100 µg/ml CaM, 5 µg/ml OAG, 25 µg/ml PS and 1 µM Ca 2+ ), M or S, and MLC20.
initiating cell contraction [7, 30, 35] .
The inhibition by melittin of phosphorylation of the cytosolic 21-kDa MLC20 could not be reversed by the excess (exogenous) addition of calmodulin, in spite of the fact that melittin interacts with calmodulin [5] and inhibits MLCK competitively with respect to calmodulin [21] . In cow milk, calmodulin is found in some casein fractions [1] . The 30-kDa casein is abundantly present in the cytosolic fraction from lactating mammary glands, as shown in Fig. 1 . The interaction of calmodulin with MLCK may be interfered with by the excess presence of casein in the cytosol, thereby inhibiting phosphorylation of the 21-kDa MLC20 by Ca 2+ / calmodulin-dependent MLCK. By comparison, the inhibition by melittin, as well as that by sphingosine, could be reversed by the addition of PS, suggesting that the 21-kDa MLC20 is the preferential substrate for PKC, rather than for MLCK.
PKC is classified into three groups comprising conventional (or classical) (α, βI, βII and γ), novel (δ, ε, η, θ and µ)
and atypical (ξ and λ) isoforms [24, 28] . cPKCs require PS, Ca 2+ and diacylglycerols (or phorbol esters); nPKCs are dependent on PS and diacylglycerols but insensitive to Ca 2+ ; aPKCs are dependent on PS but insensitive to both Ca 2+ and diacylglycerols. PKC-α, -δ, -ε, and -ξ have been detected in myoepithelial cells [26] . PKC-α, the predominant isoform in the mammary gland, seems to be primarily responsible for the 21-kDa MLC20 phosphorylation, because MLC20 from chicken gizzard was phosphorylated by the presence of Ca 2+ and PS, but not or only slightly by PS alone [6] . Phosphorylation by cPKCs such as PKC-α has been reported to inhibit the increase in actomyosin MgATPase activity associated with phosphorylation by MLCK; but the physiological significance of this phosphorylation has not yet been clearly defined. The Ca 2+ -insensitive PKC-ε, on the other hand, is suggested to be relevant in the Ca 2+ -independent contraction of smooth muscle [7, 35] . This PKC-ε does not directly participate in the Ca 2+ /calmodulin-dependent MLCK system, but is indirectly involved in the regulation of phosphorylation of MLC20. PKC-ε, activated by second messengers such as diacylglycerols and arachidonic acid, phosphorylates mitogen-activated protein kinases, which, in turn, phosphorylate integrin-linked kinase (ILK), and finally, ILK phosphorylates MLC20, thereby mediating PKC-ε-induced Ca 2+ -independent contraction of smooth muscle. The 21-kDa MLC20 may be the direct substrate for cPKC-α or is indirectly phosphorylated by nPKC-ε.
Like smooth muscle MLC20, skeletal muscle LC2 was phosphorylated in the presence of the PKC cofactors, and the phosphorylated band of skeletal LC2 overlapped that of the 21-kDa protein. Phosphorylation of skeletal LC2 was inhibited by melittin or sphingosine, and the inhibition was reversed by the excess addition of PS. Previously, skeletal LC2 and cardiac MLC2 were reported not to be phosphorylated by purified PKC from bovine heart [36] , but cardiac myofibrillar MLC2 from rat heart cells was recently found to be phosphorylated by purified PKC from bovine brain [34] . It is possible that skeletal muscle LC2 can be directly phosphorylated by any specific PKC isoform or that activation of PKC might indirectly lead to phosphorylation of the LC2 by other kinases. PKC phosphorylates Ser-1, Ser-2 and Thr-9 of, whereas ILK phosphorylates Ser-19 and Thr-18 of smooth muscle MLC20 [35] . Sequence analysis is required for skeletal LC2 and smooth muscle MLC20, as well as for the cytosolic 21-kDa protein.
In conclusion, the 21-kDa protein in the cow mammary gland cytosol was suggested to be the smooth muscle MLC20, presumably present in myoepithelial cells, and, moreover, to be the substrate for PKC isoforms, such as PKC-α and PKC-ε distributed mainly in the cells. As with smooth muscle MLC20, the phosphorylated band of skeletal LC2 overlapped that of the 21-kDa protein. It is possible that the sequence of the phosphopeptide containing serine and/or threonine in skeletal muscle LC2 is similar to that in smooth muscle MLC20.
